Abstract
BACKGROUND AND MOTIVATION
In the last several years, several water security research studies have been conducted to evaluate the potential for contaminant adsorption to pipe walls, and to identify possible decontamination methods (Welter et al., 2008; U. S. EPA, 2008; Morrow et al., 2008) . These studies considered a wide range of contaminants including metals, organic chemicals, bacteria, viruses, and toxins, exposed to several different pipe materials such as iron, copper, and PVC. Bench scale experiments were conducted to measure adsorption under various conditions; water quality parameters including pH, temperature, hardness, and TOC, and pipe wall conditions including pipe age, biofilm age, and type of pipe lining were varied in these experiments. Pilot scale pipe loop studies measured adsorption potential under more realistic conditions involving larger areas of exposed pipe subjected to different flow and mixing conditions. Together, these studies indicate the conditions under which contaminant adsorption may be likely, and identify several strategies for removing contaminants from pipe walls.
Predictive models, however, are needed in order to quantify the risk to human health from contaminant adsorption and to design effective decontamination strategies. Water quality characteristics in real water distribution networks vary on daily, seasonal, and longer time scales; predictive models can be used to extrapolate results to a broader range of conditions. In addition, predictive models can account for system-scale behavior, such as mixing of multiple source waters, change in flow directions due to customer demands, and customer exposure to contaminants. Finally, predictive models can be used to determine the area in need of decontamination, the optimal locations for introducing decontamination agents, and the desired flushing times and velocities.
The purpose of this paper is to validate a predictive model for arsenic adsorption to iron pipe using data from experiments performed at the EPA's Test and Evaluation (T&E) Facility. A pilot-scale distribution system simulator (DSS) was constructed several years ago to support decontamination studies (U. S. EPA, 2008) . Additional experiments were conducted as part of this study to provide the data needed for predictive models. The new experiments provided a denser set of time measurements in order to investigate the kinetics of adsorption.
Arsenic was selected for this study because it is a known public health risk at low concentrations and it has an affinity for the iron oxide surfaces prevalent in corroded iron pipes (Lytle et al., 2004) . The ultimate goal of this work is to describe the fate and transport of arsenic in drinking water pipes. This study focuses on arsenate adsorption to pipe walls. Future work will consider arsenite, which may undergo oxidation to arsenate in addition to adsorption and desorption. This paper is organized as follows. The physical components and operation of the DSS, as well as the experimental design of the arsenic experiment, are described in Section 2. The modeling and simulation methodology are described in Section 3, including the network model of the DSS, the reaction model for arsenic adsorption, and the bench scale experiments and parameter estimation. In Section 4, the experimental results are compared to model predictions and in Section 5, results are discussed and future work is outlined. The EPANET and EPANET-MSX input files are provided in Appendices A and B.
DISTRIBUTION SYSTEM SIMULATOR AND PILOT SCALE EXPERIMENTAL DESIGN
The Distribution System Simulator (DSS) was constructed in 2005 to support several water quality and water security research projects. It has since been modified to support varied experimental designs. The current design and operation is described here.
The Distribution System Simulator
The DSS, depicted in Figure 1 , is constructed primarily from polyvinyl chloride (PVC) pipe. The components of the DSS include the large main tank that supplies tap water to the pipe loop, approximately 23 m of PVC pipe, mostly 15 cm diameter with some 5 and 10 cm diameter pipes, a 379 L stainless steel recirculation tank in-line with the main pipe, several pumps, and the associated valves and electronic control devices necessary to operate the system. While there are three pumps in the DSS, only one pump was used for this experiment. The total volume of the DSS, including the recirculation tank, is approximately 833 L, and the DSS surface area in contact with the water is approximately 16 m 2 . The recirculation tank was observed to be completely mixed during a dye tracer test.
Before the recirculation tank, a series of small circular coupons 2.54 cm in diameter, made from used cast iron, were threaded and screwed into a section of the DSS such that the wetted surfaces were flush with the interior pipe surface. The 30 coupons were fabricated from an iron pipe taken out of service from the Greater Cincinnati Water Works (GCWW) distribution system. The total pipe wall surface area of the coupons in contact with the water was 152 cm 2 . Coupons were removed by stopping flow in the loop, isolating the pipe section holding the coupons, and unscrewing the coupon. PVC plugs replaced the coupons before flow was resumed. Inset. The coupon removal process.
The DSS is equipped with sensors that continuously measure basic water quality parameters such as pH, turbidity, free chlorine, total chlorine, specific conductivity, temperature, and oxidationreduction potential. In addition, continuous measurements of pressure and flow are taken. All sensors were calibrated before data collection began and maintained according to the manufacturers' recommendations throughout the experiment.
Operation of the DSS
During the arsenic experiment, a pump was used to maintain a flow of 315 ± 1 L/min in the DSS, which is in the turbulent regime. Previous experiments operated the DSS in recirculation mode, essentially creating a large batch reactor. In this experiment, however, water was allowed to leave the system from an overflow in the recirculation tank, and a constant input of new tap water entered the system from the main tank at a rate of 3 L/min. 
Experimental Methodology
Prior to the arsenic experiment, the coupons were conditioned in the DSS for a period of 54 days, allowing the coupon materials to corrode and biofilm to grow. The system pH and temperature were approximately 8.5 and 20 °C. A control coupon was taken one day before the contaminant injection for arsenic analysis and to confirm biofilm growth. The heterotrophic plate count (HPC) was measured by Standard Method 9215C (Clesceri et al., 1998) . According to this method, the corrosion material was scraped into 10 mL of sterile monopotassium phosphate buffer (pH 7.2). The corrosion material was then broken up with a glass stirring rod and serially diluted and plated. The arsenic analysis method is described below. The control results are described in Section 4.
The arsenic experiment began with a 31 second injection of one liter of sodium arsenate solution containing 1.2 g/L arsenic into the DSS using a pressurized syringe fabricated at the T&E Facility. The injection solution was prepared with 99% sodium arsenate heptahydrate (SigmaAldrich, St. Louis, MO). Samples of the bulk water and coupons were taken at prescribed times throughout the 7 day experiment.
Duplicate coupon samples were removed at 3, 11, 23 and 41 minutes, and 1.2, 2.2, 3.3, 5.3, 7.3, 24, 48 , and 72 hours after injection of arsenic; a triplicate sample was harvested at 143 hours. Bulk phase samples were collected at 4, 8, 10, 15, 22, and 45 minutes and 1.3, 2.3, 3.3, 4.3, 5.6, 6.4, 7.3, 24, 50, 72 and 144 hours after injection. Bulk phase samples were taken from a tap built into the DSS. The tap was opened at each sampling time and at least 10 mL was drained into a new 50 mL polypropylene sampling tube.
After removal, the coupon surfaces were scraped with a clean, sterile scalpel and the corrosion/biofilm material was deposited into clean, pre-weighed porcelain 30 mL crucibles. To remove any residual material, the scraped coupon surface and scalpel were rinsed with deionized water, which was also collected in the crucible. The crucible was placed in a 60º C oven for 24 hours or until the rinse water evaporated. The crucible was allowed to cool and was reweighed to determine the mass of solids scraped from the coupon. The solids were then digested with nitric acid using Standard Methods 3030D and E (Clesceri et al., 1998) . Once digested, the sample was analyzed for arsenic by Inductively Coupled Plasma -Optical Emission Spectroscopy (ICP-OES) using Standard Method 3120B. Bulk phase samples were analyzed using the same method with no digestion.
MODELING AND SIMULATION
EPANET-MSX (Shang et al., 2008a (Shang et al., , 2008b ) was used to simulate the hydraulics and the water quality reactions in the DSS during the experiment. EPANET-MSX requires as input a network model describing the topology and operation of the DSS and a mathematical model for reactions to be simulated in the pipe network. These are described below and the files provided in Appendices A and B.
Network model
A network model of the DSS was created and is shown in Figure 2 . The pipe lengths and diameters for the model were defined based on measurements taken by the authors. The modeled system does not include dead-end pipes and pipes which were valved off during the experiment; therefore, the total volume and surface area of the modeled DSS are 802 L and 14.5 m 2 , slightly lower than the estimates of the full DSS given above.
The recirculation tank was modeled as completely mixed. A modeled pump was used to maintain the experimental flow rate of 315 L/min. The main tank was not included in the model, but was represented by a negative demand, or input, of 3 L/min assigned to the node before the pump, which is where the main tank connects to the DSS. An equivalent positive demand, or output, was assigned to the node after the recirculation tank, to model the gradual removal of water from the DSS. The modeled pump was turned off and both demands were set to zero during each coupon sampling event. 
Reaction Model
The mathematical model described by Equations (1) and (2) was used to predict the change with respect to time (t) of arsenic concentrations in the bulk water and adsorbed to the pipe walls (Koopal et al., 2001): (1) (2) where C is the bulk concentration of arsenate (mg/L), P is the concentration of arsenate adsorbed to the coupons (mg/m 2 pipe surface area), S max is the maximum capacity of a coupon for adsorbed arsenate (mg/m 2 pipe surface area), K eq is the equilibrium constant of the Langmuir isotherm (mg/L), k 1 is the adsorption reaction rate constant (L/(mg·min)), k f is the mass transfer coefficient (L/(m 2 ·min)), and r h is the hydraulic radius of the pipe (L/m 2 ), which represents the ratio of pipe volume to surface area. v is pipe velocity and x is the longitudinal axis of the pipe.
Bench scale experiments and parameter estimation
A bench scale experiment was performed prior to the DSS injection in order to estimate the adsorption model parameters. Two coupons were removed from the DSS for this experiment: coupon 1 was removed after conditioning for 29 days, and coupon 2 was removed after 49 days. The coupons were partially immersed in separate beakers with 500 mL arsenate solution and a magnetic stir bar operating at 350 rpm. The time-varying arsenate concentration in the beaker was sampled by removing 5 mL of solution at each sampling event. The coupons were removed from the solution after 48 hours and analyzed for arsenic. The sampling times and measured concentrations in the bulk are shown in Figure 3 . The model parameters were estimated using the optimization routine lsqnonlin.m in MATLAB (2009a, The MathWorks, Natick, MA), which minimized the weighted sum of squared errors between measurements and model predictions. The objective function F was defined as:
where D i,j is the j th measurement for coupon i, M i,j is the modeled concentration at the corresponding time, σ i,j is the corresponding standard deviation of the measurement, and n i is the number of measurements for coupon i (Aster et al., 2005) . The adsorption rate, k 1 , and the equilibrium constant, K eq , were assumed to have the same value for each coupon since the same type of iron oxide material was assumed to have developed on all coupons. In order to incorporate the spatial variability of corrosion development, the coupons were allowed to have different S max values, S max,1 and S max,2 . The volume of solution, beaker, stir bar, and stir bar rotation speed were the same in both experiments, so the mass transfer coefficient k f was assumed to be the same for each bench scale experiment.
The optimization routine was run with 576 different starting points. The result with the lowest value of the objective function is shown in Table 1 , along with the standard deviations of the parameter estimates (Aster et al., 2005) . The corresponding model solution is shown in Figure 3 . Table 1 shows that K eq was relatively poorly estimated, while the other parameter estimates were more certain. The certainty of the parameter estimates and its effect on model results will be studied in more detail in future work. The value obtained for k f is similar to the theoretical mass transfer coefficient of 1.99 (L/(m 2 ·min)) for a circular disc spinning at the same angular velocity as the stir bar (Cussler, 1997) . Therefore, in the DSS simulations, an appropriate theoretical formula was used to calculate k f for pipe flow (Notter et al., 1971) , as shown in Appendix B. In general the value of k f used in DSS simulations is different than that shown in Table 1 , but of similar order of magnitude. No relevant estimates were found in the literature for the adsorption rate constant k 1 . The Langmuir isotherm parameters for arsenate adsorption on the iron oxide ferrihydrite at pH 8 have been reported as K eq = 5.4E-5 (mg/L) and S max = 8000 (mg/m 2 ) (Pierce et al., 1982) . The reported value of K eq is within one standard deviation of the value estimated here, although little certainty can be attributed to this estimate.
The larger S max value reported in the literature is likely due in part to the different experimental conditions and physical characteristics of the iron oxide in that study. Pierce (1982) studied a relatively pure iron oxide synthesized as a precipitate in a controlled laboratory environment. In the adsorption phase of his experiment, the iron oxide was suspended in particulate form in a well mixed solution of certain makeup. This provided a large surface area for adsorption, and minimal competition for adsorption sites with other solutes.
In contrast, the iron oxides studied here grew naturally on iron coupons in the relatively uncertain and variable DSS environment, resulting in a more heterogeneous material in which the iron oxide developed alongside other substances such as biofilm. Since the oxide was attached to the coupon as opposed to suspended in solution in particulate form, less surface area was available. It is also possible that other solutes naturally present in drinking water competed with arsenic for adsorption sites.
In addition to modeled bulk concentrations, the equilibrium states predicted by the model are also shown in Figure 3 , calculated by simultaneously solving the Langmuir isotherm and a mass balance:
(4) (5) where P eq is the equilibrium adsorbed concentration, C eq is the equilibrium bulk concentration, V sol is the volume of solution, and A coup is the area of the coupon exposed to solution. The difference between the modeled bulk concentration and the modeled equilibrium at a given time is the driving force for adsorption. Due to removal of arsenate solution for sampling, V sol changed during the experiments, which caused the modeled equilibrium concentration to change as shown in Figure 4 . The model results predict that bulk concentrations reached equilibrium within 48 hours for both bench scale experiments.
Applying bench scale parameters to the pilot scale model
Adsorbed measurements from the coupons used in the bench scale experiments revealed that approximately 40% of the adsorbed arsenate attached to the coupon faces, while about 60% adsorbed to the threads on the sides of the coupons. Because the coupon threads were not exposed to arsenate in the pipe loop experiment, the values of S max from the parameter estimation were multiplied by 40% for use in pipe loop simulations: S max,coupon,i = 0.4 · S max,i .
The arsenate injection was modeled in EPANET-MSX as a mass injection of 2258.07 mg/min over 31 seconds to replicate experimental conditions. EPANET-MSX allows model parameters to be defined individually for each pipe. Since the 30 coupons made up only part of the surface of a single pipe in the DSS, the S max,coupon values determined in the bench scale experiments for individual coupons were adjusted to model the pipe in the DSS. The adsorption capacity of the coupons was assumed to be evenly spread over the surface of the pipe containing the coupons:
Water Distribution System Analysis 2010 -WDSA2010, Tucson, AZ, USA, Sept. 12-15, 2010 where S max,pipe,i is the i th S max parameter used for the EPANET-MSX simulations, n is the number of coupons in the pipe, A C is the surface area of one coupon (m 2 ), A P is the surface area of the pipe containing the coupons (m 2 ), S max,coupon,i is the i th S max parameter estimated from the bench scale experiments, and i = 1, 2. While the values of S max,pipe,i were used in the simulation of the reaction model, the results were converted to mass per coupon area for comparison to adsorbed measurements, using Equation (6). The two values of S max,coupon,i were used in the pilot scale model to give an estimate of variation in adsorbed concentrations between coupons. It was assumed that no arsenate adsorbed to other system surfaces such as the PVC pipe or the stainless steel tank.
PILOT SCALE EXPERIMENTAL AND MODEL RESULTS
The bulk and adsorbed concentrations measured in the experiment and predicted by the model are shown in Figure 4 . Measurements are shown as symbols and model results are shown as lines.
Bulk measurements were taken from locations upstream of the mixing tank. Results with S max,coupon,1 are shown as solid lines and results with S max,coupon,2 are shown as dashed lines. The difference in the modeled bulk concentration results for the two S max,coupon values is not visible. This is because the amount of arsenic adsorbed to the coupons in both cases was small with respect to the amount present in the bulk water during the simulation; the maximum possible adsorbed mass in the model was 0.03% of the mass of arsenate injected.
The control samples taken prior to the experiment are plotted at the origins of the axes. The bulk control sample had no detectable arsenic. The maximum concentration measured in the bulk was at 4 minutes, during the time that the arsenate pulse made its initial pass through the system. The modeled concentration remains at this level for longer than the 31 second time length of the injection because flow in the modeled loop was stopped to simulate the sampling event. Due to mixing in the recirculation tank, the arsenic concentration became dispersed throughout the loop within 20 minutes. As tap water gradually replaced contaminated water in the system, and a small amount of arsenate adsorbed to the coupons, the modeled bulk concentration tended to zero over the first day. Bulk measurements taken after 1 day were below the detection limit of 2E-3 mg/L of the ICP-OES instrument.
The control coupon accumulated arsenic at a concentration of 2.9 mg/m 2 after exposure to tap water for 54 days, despite an undetectable bulk concentration of arsenic indicated by the bulk control sample. Other researchers have observed that distribution system materials at the pipe wall can accumulate significant amounts of arsenic from relatively low levels in the bulk water (Lytle et al., 2004) . Biofilm density on the control coupon, as measured by HPC, was 7.2E2 ± 1.1E2 cfu/cm 2 .
After the injection, the measurements of adsorbed arsenic increased with time. Most measurements of adsorbed concentrations were within the range predicted by the model using the two values of S max,coupon , up to a time of two days after the injection. The measurements at three and six days were higher than predicted. The simulated adsorbed concentrations reached theoretical maximums, given by S max,coupon,1 and S max,coupon,2 , within one hour. Since the equilibrium constant K eq was very small, little desorption occurred when the modeled coupons came into contact with uncontaminated water; thus, desorption is not visible in the simulation results on Figure 4 . Figure 4 . The control samples, taken shortly before the injection, are plotted at the origins of the axes. Bulk samples (top) were taken from the sample port, located after the coupons and before the tank. The adsorbed concentrations (bottom) were from coupons removed during the experiment. Two model solutions based on parameters estimated from coupons removed before the injection are shown. Of the triplicate coupons at 6 days, the two samples with higher concentrations appear identical.
DISCUSSION AND FUTURE WORK
The top of Figure 4 shows that the model predictions of bulk concentration match the experimental measurements fairly well. The simulated bulk concentrations exhibit a similar temporal trend to the measurements, although most measurements are lower. This overestimation may have resulted because the model did not allow for transport of arsenic into dead-end and valved off pipes. These pipes were not included in the network model since they would have zero velocity; the advective transport algorithm of EPANET-MSX would not cause any mass to be transported into them. However a tracer study with a visible dye revealed that injected fluid does mix with the water in these pipe sections. This would have caused dilution of the bulk arsenic concentration in the main part of the loop, making it lower than the model predicted.
Improvements to the hydraulic model may make it possible to model this behavior.
While the two coupons used for parameter estimation represent a small sample size, the range of simulated adsorbed concentrations based on these parameters match the experimental data remarkably well for the first two days, as seen on the bottom of Figure 4 . This is the same time scale over which the data used to estimate parameters was collected. From two to six days, the measurements are significantly higher than the range of model predictions, which have already reached their theoretical maximum adsorption densities. While the coupons extracted later may have had higher adsorption capacities from the time of injection, the temporal trend in adsorbed measurements seems to suggest otherwise. The increase in measured adsorbed concentrations after two days is also interesting given there was no detectable arsenic in the bulk water.
Low levels of arsenic may have persisted in the DSS due to reversible sorption to materials on surfaces of the PVC pipe or stainless steel tank. Assuming the bulk concentration in the DSS was at the detection limit from two to six days, sufficient arsenate would have been available to increase coupon concentrations by 450 mg/m 2 , more than enough to cause the observed increases. If this were the case, one possible explanation for the increase in adsorbed measurements after two days is that the coupons continued to corrode after the injection, increasing their adsorption capacities. This would allow for higher adsorbed concentrations than predicted above. The model could be adjusted to describe these phenomena by defining adsorption characteristics for the PVC pipes and stainless steel tank, and by allowing the S max parameter to change with time.
Of the two coupons used for parameter estimation, the one that was conditioned for a shorter time had a greater adsorption capacity. This is contrary to the intuitive hypothesis that a longer conditioning time would result in more corrosion and higher adsorption capacity. This suggests that variability between coupons is at least as important as the time of coupon conditioning for determining adsorption capacity, although the sample size of the bench scale experiment was limited.
It is also not clear if the additional adsorption capacity observed in the pipe loop coupons from two to six days was developed after the arsenate injection, or if it was primarily due to the overall conditioning time of the coupons, including time spent in the loop before injection. Variability between coupons, and the relationship between conditioning time and adsorption capacity, should be investigated more thoroughly in future work. Bench scale experiments over longer time scales should be performed to investigate adsorption at later times, and other adsorption models may be explored.
Additional modeling, simulation, and experimental work, including that described above, is being planned. This work will include a similar experiment involving the injection of arsenite. The model will be further developed to represent the oxidation of arsenite to arsenate. The resulting model will be applied to realistic network models in order to formulate effective decontamination strategies following intentional arsenic contamination of water distribution systems. 
